We demonstrated the first room temperature continuous wave lasing in InAs quantum-dot microdisk lasers with a standard air-cladding optical confinement structure. The spectrum shows the single strong lasing peak at a wavelength of 1280 nm. The threshold pump power is 410 µW, and the corresponding effective threshold obtained by considering the absorption efficiency is 81 µW. This achievement is mainly attributed to the increase in Q factor by the improved disk shape.
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The quantum-dot (QD) active region in semiconductor lasers is effective for low threshold, high-speed and temperature-insensitive lasing, and for turnstile operation due to the strong electronic confinement [1, 2] . On the other hand, the microdisk laser (MDL) is effective for low threshold lasing and high-speed spontaneous emission due to the strong optical confinement [3, 4] . When the QD active region is used for the MDL, not only their combined effects but also suppression of the surface recombination at the disk sidewall are expected because the carrier diffusion is suppressed by QDs. Thus, the QD MDL is a promising candidate for ultralow threshold integrated laser sources and high-speed and high-efficiency single-photon emitters [5] . However, most reports on this device have only described the low temperature operation [6] [7] [8] [9] [10] . The main reason for this is an insufficient number of QDs and the corresponding low optical gain. Recently, Yang, et al. and our group employed the five-stacked InAs QD layers and achieved the room temperature (RT) lasing by pulsed photopumping [11, 12] . However, the RT continuous wave (cw) lasing was reported only for a cylinder-type laser with the oxidized AlAs cladding [13] . The thermal resistance of the cylinder type is lower than that of the standard MDL with the air cladding. Therefore, the RT cw lasing may be obtained more easily. However, the optical confinement of the cylinder type is much weaker than that of the standard MDL, which is out of interest in this study. Previously, we investigated pulsed lasing characteristics of the InAs QD MDL from 3 K to RT and observed the rapid increase in threshold and decrease in slope efficiency above 200 K [12] . At RT, the effective threshold power obtained by considering the pump efficiency was 750 µW and the corresponding threshold density was 4.7 kW/cm 2 . These values are one order of magnitude higher than those of GaInAsP compressively strained quantum-well (CSQW) MDLs. It indicates that the threshold reduction by the increase in Q factor is necessary for the RT cw lasing in QD MDLs. In this study, we improved the disk shape by optimizing the dry etching process, and achieved the RT cw lasing of this device.
In the experiment, GaAs buffer, Al 0.6 Ga 0.4 As clad, QD active region, Al 0.6 Ga 0.4 As clad and GaAs cap layer were successively grown on GaAs substrate by metal organic vapor phase epitaxy. Five-stacked InAs QD layers were grown by Stranski-Krastanow mode with InGaAs buried layers. The density of the QDs was 2.0×10 10 cm -2
. Details of the active region and growth condition are described in other reports [12, 14] . In the fabrication process, a circular mesa was formed by e-beam lithography and Cl 2 /Xe inductively coupled plasma etching. By controlling the etch rate of GaAs to be higher than that of Al 0.6 Ga 0.4 As, the symmetric and concave mesa sidewall was formed. On this condition, the active region was slightly side-etched, so the vertical sidewall of the active region was formed. Finally, the disk shape and the pedestal were formed by HF at RT for ~10 s. Figure 1 shows a 4.5-µm-diameter device. The angle of the disk sidewall is 80°, which is improved from 50° of the previous device [12] . In the measurement, the MDL was photopumped by cw light of Ti-sapphire laser at wavelength λ = 780 nm with a focused spot diameter of ~2 µm. Light output was analyzed by a monochrometer with InGaAs charge-coupled device array. , P irr is converted to the effective pump power P eff , as shown on the upper horizontal axis of Fig. 2 [15] . The intensity exhibits a clear kink at threshold. The irradiated threshold power is 410 µW, and the corresponding effective threshold is 81 µW. These values are much lower than an irradiated threshold power of 2 mW and an effective threshold of 0.2 mW reported for the cylinder-type laser [13] . The inset of Fig. 2 shows the lasing spectrum at P eff = 170 µW. The RT photoluminescence (PL) spectrum of the QD wafer is also shown by the dotted line as a reference. Although ground state and first excited state energy levels of the QD wafer were designed to 1340 and 1270 nm, respectively, this spectrum shows the broad single peak due to large inhomogeneous broadening in the multi-stacked QD layers. The lasing spectrum shows the strong single peak at λ = 1280 nm. The maximum mode peak intensity is 20 dB higher than the background spontaneous emission level. Fig. 2 . RT lasing characteristic at λ = 1280 nm. Inset shows lasing spectrum at P eff = 170 µW. Dotted-line is RT photoluminescence spectrum of the QD wafer. Figure 3 shows lasing spectra with a wavelength resolution of 0.1 nm. As the pump power increases, the spectral narrowing is observed below threshold. The spectral full-width at half maximum (FWHM) below threshold is 0.18 nm, and it reaches to 0.14 nm above threshold. This value is still larger than the resolution limit of the measurement system. It might be caused by the thermal redshift during the accumulation time of the spectral measurement. The Q factor is evaluated from the FWHM at 0.5 times the threshold to be 7100. This value is twice higher than the previous one [12] . We think that this Q factor is also slightly under-estimated due to the thermal redshift. Figure 4 shows the lasing wavelength shift with the effective pump power. The wavelength is redshifted by heating under cw operation. The thermal resistance R t is estimated by the formula R t = dT/dW = (dλ/dT) -1 ･ dλ/dW. Here, dλ/dT is the temperature dependence of the wavelength under pulse operation, which was separately evaluated to be 0.05 nm/K. On the other hand, dλ/dW is estimated from the redshift in Fig. 4 to be 1.5 nm/mW. Thus, R t is evaluated to be 3×10 4 K/W. Figure 5 shows the temperature dependence of the effective threshold and slope efficiency from 3 K to RT. The effective threshold below 130 K is less than 20 µW. Characteristic temperatures are 64 and 36 K in the temperature range of 130 − 230 K and above 230 K, respectively. The threshold rapidly increases in the range of 50 − 100 K as shown in the previous study [12] . It is considered to be due to the particular increase in carrier overflow by the long carrier diffusion length in this temperature range. The threshold above 230 K exceeds the value observed at RT before measuring the temperature dependence, and the lasing peak intensity became to be weak gradually due to the thermal degradation. The slope efficiency decreases rapidly above 250 K due to free carrier absorption. Even with the thermal degradation, this temperature is improved from a previous value of 230 K [12] . It must be the effect of the low threshold. Figure 6 shows the temperature dependence of the lasing wavelength. The wavelength redshifts from 1210 to 1280 nm in the temperature range from 130 K to RT with showing the hopping of the whispering gallery mode of the MDL. The dotted line in Fig. 6 shows the theoretical bandgap shift ∆E g of the QDs, which is estimated by Varshni's formula ∆E g = AT 2 /(T + B) (A and B are characteristic parameters for the semiconductor) [16] . The experimental redshift above 130 K is well explained by the theory with A = 4.5 × 10 -4 eV/K and B = 180 K, which are typical value between InAs and GaAs bulk materials. In the previous study, we observed the saturation of the redshift above 250 K due to the carrier plasma effect by the high threshold carrier density. However, such saturation is not observed in Fig. 6 , which suggests a low threshold carrier density. All of these results clearly indicate that the threshold was greatly reduced and overall lasing characteristics were improved. We compared the RT cw lasing characteristics of the QD MDL with those of conventional GaInAsP CSQW MDLs. Considering the disk diameter of 4.5 µm, the effective threshold power density of the QD MDL is estimated to be 510 W/cm 2 . This value is almost comparable to 460 W/cm 2 of CSQW MDLs [5] . Since the optical confinement factor of the QD MDL (1.2%) is six times lower than that of CSQW MDLs (7 − 8%), the low threshold of the QD MDL should be attributed to other merits such as a high Q factor. The Q factor measured for the 3-µm-diameter CSQW MDL is 3000 [17] . Although the diameter of the QD MDL in this study is slightly larger, the Q factor of the QD MDL is twice higher. However, the Q factor cannot still compensate for the low optical confinement factor. It suggests that a high material gain and low surface recombination by the QDs significantly contributed to the low threshold. The surface recombination of GaAs-based materials is 1 − 2 orders higher than that of InP -based materials. Due to this effect, very limited number of GaAs-based microcavities have achieved the RT lasing [18] . Therefore, the low threshold of the QD MDL in this study cannot be expected, unless the surface recombination is greatly reduced by the low carrier diffusion in the QD active layer. The thermal resistance of the QD MDL is much lower than ~1 × 10 5 K/W of the CSQW MDL with the same diameter [19] . A reason considered for this is that the QD MDL mainly consists of binary or semi-binary compound materials. We can say that the total characteristics of the QD MDL are almost comparable to those of CSQW MDLs. By decreasing the disk diameter and improving the uniformity of QDs, the threshold of the QD MDL will be lower than that of QW MDLs.
In conclusion, the RT cw lasing was achieved in the InAs QD MDL with the standard air-cladding structure by photopumping. The lasing wavelength was 1280 nm, and the effective threshold power was 81 µW. The main improvement was the increase in Q factor by the vertical sidewall of the disk. The temperature dependence from 3 K to RT showed various improvements arising from the threshold reduction. The total performance of the QD MDL is almost comparable to CSQW MDLs. We expect the near future that a smaller disk and higher Q factor achieve an ultimate low threshold and allow the electrical pumping operation.
